For 2 decades, the cut-and-sew Cox-Maze III procedure was the gold standard for the surgical treatment of atrial fibrillation (AF) and proved to be effective at curing lone AF and preventing its most dreaded complication, stroke. However, this procedure was not widely adopted because of its complexity and technical difficulty. During the past 5 to 10 years, the introduction of new ablation technology has led to the development of the Cox-Maze IV procedure, as well as, more limited lesion sets, with the ultimate goal of performing a minimally invasive lesion set on the beating heart, without the need for cardiopulmonary bypass. This review summarizes the current state of the art and future directions in the surgical treatment of lone AF. The hope is that as we learn more about the mechanisms of AF and develop preoperative diagnostic technologies capable of precisely locating the areas responsible for AF, it will become possible to tailor specific lesion sets and ablation modalities to individual patients, making the surgical treatment of lone AF available to a larger population of patients. FIGURE 2. The Cox-Maze IV lesion set. IVC, inferior vena cava; RF, radiofrequency; SVC, superior vena cava. Reprinted with permission from J Thorac Cardiovasc Surg. 39 Shen et al.
THE SURGICAL TREATMENT OF LONE ATRIAL FIBRILLATION
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia. 1 It becomes increasingly common as a person ages, reaching a prevalence of 9%, and an incidence more than 1.5% per year in patients older than 80 years. 1,2 AF results in three major causes of morbidity and mortality: palpitations, causing patient discomfort, and anxiety; loss of atrioventricular synchrony, leading to hemodynamic compromise, and occasionally congestive heart failure; and hemodynamic stasis in the left atrium, leading to thromboembolism, and stroke. 3 Patients with AF are five times more likely to have strokes than those without AF. 4 According to the Framingham Study, the attributable risk of stroke from AF in the 80-to 89-year-old population is nearly 24%. 4 In addition, AF is an independent predictor of increased mortality. Older individuals (age 55-94 years) with AF are 1.5 to 1.9 times more likely to die than those without AF, all other health conditions being equal. 5 With the aging of the population, the prevalence of AF and its associated health care costs have continued to rise. The expanding economic burden of AF, along with its effects on morbidity, mortality, and quality of life, underlie the need for an effective cure of this arrhythmia.
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The first line therapy for AF is medication. However, current antiarrhythmic drugs have shown limited long-term efficacy and often have serious side effects, making them intolerable for a significant number of patients. 1,6 -12 Thus, there has been much interest in developing effective nonpharmacologic treatments, including both catheter-based and surgical approaches. 13 The aim of this review article was to summarize the current state of the art of surgical treatment of lone AF.
THE COX-MAZE III PROCEDURE
In 1987, Dr. James Cox introduced the first successful surgical treatment for AF at Washington University in St. Louis. 14 -17 Now known as the Cox-Maze procedure, the operation involved creating a myriad of incisions in both the left and right atria that would direct the propagation of the sinus impulse through both atria while interrupting the multiple macroreentrant circuits believed to be responsible for AF ( Fig. 1 ). Improvements and simplifications culminated in the Cox-Maze III procedure, which became the gold standard for the surgical treatment of AF. Also known as the "cut and sew" Maze, it successfully restored sinus rhythm and atrioventricular synchrony, significantly decreasing the risks of hemodynamic compromise and thromboembolism. 17 Between 1988 and 2001, 112 consecutive patients with lone AF underwent the Cox-Maze III procedure at Washington University. Late follow-up was available on 88% of these patients at a mean follow-up of 5.4 Ϯ 3.0 years, and 96% of these patients were free of symptomatic AF, with only one late stroke. 18, 19 Of the patients who were available for follow-up at 14 years, 92% were free from AF, and 80% were off all antiarrhythmic drugs. 21 Similar results have been reproduced by other institutions around the world. 20 -25 
ABLATION TECHNOLOGY FOR FASTER, LESS INVASIVE PROCEDURES
Despite its proven efficacy, the Cox-Maze III procedure did not gain widespread acceptance because of its complexity and technical difficulty. To simplify the procedure, groups around the world have replaced the incisions of the Cox-Maze III with linear lines of ablation. 26 -28 During the last decade, the introduction of new ablation technologies using radiofrequency energy, microwave, cryoablation, laser, and high-frequency ultrasound (HIFU) have been used as alternatives to the "cut-and-sew" technique for the surgical treatment of AF. Dr. Cox himself was the first to recognize the advantage of replacing the surgical incisions with ablation technology when he introduced the minimally invasive cryomaze procedure in March 1996. 29 These new technologies have also supported efforts to develop more limited lesion sets that can be performed less invasively, often through small incisions or ports. The ultimate goal has been to perform a curative lesion set epicardially on the beating heart, without the need for cardiopulmonary bypass.
An optimal ablation device for AF surgery would (1) reliably create conduction block (ie, transmural lesions) on the beating heart from either the endocardial or epicardial surface; (2) exhibit a precise dose-response curve; (3) create lesions rapidly and safely; (4) have adequate flexibility and maneuverability; and (5) be adaptable to a minimally invasive approach. To date, each of the ablation technologies exhibits different advantages and disadvantages, and none has fulfilled all of these criteria.
The principal shortcoming of many of these energy sources has been that they are unable to create reliable transmural lesions on the beating heart. Experimental data have shown that unipolar radiofrequency, cryoablation, microwave energy, and laser energy have not been able to overcome this problem from the epicardial surface. 30 This has been felt to be due to the heat-sink effect of the circulating intracardiac blood. Our group has shown that lesion depth on the beating heart is dependent on cardiac output, with reliable transmural lesions occurring only at very low cardiac outputs (Ͻ1 L/min). 31 There have been two strategies used to overcome this problem. The first has been to use a focused energy source, such as high frequency ultrasound (HIFU). 32, 33 Although most other ablation technologies rely on thermal conduction to heat or cool the tissue, HIFU directly heats the tissue in the acoustic focal volume, making it much less susceptible to the heat-sink of circulating intracardiac blood. Although there has been industry data that suggest HIFU is effective on the beating heart, there have been no confirmatory experimental studies from independent laboratories. Although HIFU is effective at generating temperatures needed for full-thickness, circumferential ablation through rapid direct mechanical heating, it has a fixed depth of penetration, which may be problematic because of the pathologic variability in atrial wall thickness. Also, a recent study has reported that gradual heating of surrounding tissue due to conduction can cause phrenic nerve injury when located within 4 to 7 mm of the focused ablation. 34 The other strategy has been to use a bipolar radiofrequency energy. The heat-sink is overcome by embedding two electrodes into the jaws of a clamp. The target tissue is then clamped, and the energy is driven between the closely approximated electrodes. By clamping the tissue, the circulating blood is excluded and has no effect on the ablation. Moreover, by monitoring changes in conductance between the electrodes during ablation, it has been possible to predict lesion transmurality. The ability of these devices to create reliable transmural lesions on the beating heart has been confirmed by our laboratory and others in chronic animal models. [35] [36] [37] By using these new ablation technologies, there have been new surgical procedures developed to treat lone AF. In the published literature, there have been two broad approaches. The first has been to replicate the entire Cox-maze procedure. An alternate strategy has been to perform pulmonary vein isolation (PVI) with or without ablation of the ganglionated plexi (GP).
This review of surgical data is made difficult because of the differing definitions of success that have been used by surgeons during the past 2 decades. Some institutions, including our own, have traditionally reported freedom from symptomatic AF. More recent studies have used more rigorous methodology, including prolonged Holter monitoring, to examine the results. A number of investigators have shown that looking at only symptomatic AF overestimates success. The readers should keep this in mind when looking at different series and trying to compare their endpoints. Moreover, the quality of follow-up varies greatly from study to study. The recent consensus statement published with input from both surgeons and electrophysiologists have felt to clarify this issue going forward and have urged the adoption of uniform follow-up methodology and definitions of success. This was recently published in 2007 and should serve as a guideline for the future. 13 However, it is of little use in helping to sort out 2 decades of surgical experience. 
THE COX-MAZE IV PROCEDURE
This procedure, introduced by our group, uses bipolar radiofrequency ablation to replace most of the surgical incisions of the Cox-Maze III. 38 Bipolar radiofrequency was chosen over other potential energy sources because of its ability to create reliable transmural lesions on the beating heart ( Fig. 2) .
As of November 2008, the Cox-Maze IV procedure has been performed on 84 patients with lone AF. Of these patients, 36% had a history of previous catheter ablation. The mean aortic cross-clamp time for a lone Cox-Maze IV procedure was significantly shorter than that for the lone Cox-Maze III (41 Ϯ 12 minutes vs. 93 Ϯ 34 minutes, P Ͻ 0.001), and the freedom from AF recurrence was 91% at 12 months and 67% of patients off antiarrhythmics drugs. A recent propensity analysis of matched patients undergoing the Cox-Maze III versus Cox-Maze-IV at our institution showed that there was no significant difference between these two procedures in terms of the rates of freedom from AF at 3, 6, and 12 months. 39 Thus, the Cox-Maze IV has significantly shortened operative times while maintaining the efficacy of the traditional cut-and-sew Cox-Maze III. It has the advantage of having similar success rates in all patients, independent of the type of AF or the underlying pathology. Although this procedure can be performed through a small right thoracotomy, it still requires cardiopulmonary bypass ( Fig. 3 ). However, it does involve a more extensive use of cryoablation to isolate the posterior left atrium. Moreover, the left atrial appendage must be oversewn from inside the left atrium.
PULMONARY VEIN ISOLATION
The development of new ablation technologies and the discovery that AF can be triggered from focal sources has led many groups around the world to explore less invasive, more limited lesion sets based on the full Cox-Maze III lesion set. Much emphasis has been placed on stand-alone isolation of the pulmonary veins, as these have the capability to trigger AF in many patients with paroxysmal AF. 40 -42 In addition, PVI can be performed epicardially without cardiopulmonary bypass, making it adaptable to minimally invasive approaches. However, electrophysiologic mapping studies have shown that the triggers for initiating AF are not always in the pulmonary veins, 40 and that other regions of the atria can initiate AF. 40, 43 To guarantee that PVI alone will completely eliminate AF in an individual patient, the pulmonary veins must be identified as the focus responsible for the initiation of AF. Unfortunately, current preoperative diagnostic technologies are not capable of precisely locating these triggers of AF, although the active research in this area shows promise.
Recent studies have begun to clarify the role of PVI in the treatment of lone AF. The first series of PVI for lone AF was reported by Wolf et al 44 in 2005. They performed bilateral video-assisted thoracoscopic PVI, using a bipolar radiofrequency device, and left atrial appendage excision on 27 patients with lone AF. The procedure was performed through two 10-mm ports and one nonrib spreading 5-cm working port. The results were good with 91% of patients free from AF at 3-month follow-up. 44 Although the study sample was small and follow-up limited, further work has verified the good results of PVI in selected patients with paroxysmal AF. [45] [46] [47] [48] In a series of minimally invasive PVI (with targeted partial autonomic denervation) for AF, Edgerton et al 45 reported that at 6-month follow-up, 84% of patients (n ϭ 43) with paroxysmal AF were in normal sinus rhythm (NSR) as evaluated by Holter monitor, pacemaker interrogation, and/or event monitor. McClelland et al 46 performed bipolar radiofrequency PVI (with ganglionated plexus ablation) in 11 paroxysmal AF patients and reported that 91% of them were free of AF 1 year after surgery, by 30-day continuous monitoring. Unfortunately, the results with PVI have been disappointing in patients with persistent or longstanding AF. In their initial report, Edgerton et al 49 reported a freedom from AF, off drugs of only 39% at 6 months in 18 patients. In the series of McClelland et al, only 25% of patients with longstanding AF had a successful procedure. 46 Our results at Washington University have been similar. In 43 patients, our success rate with lone paroxysmal AF has been 80% at 6 months but was only 38% in patients with persistent, longstanding AF. The poor success rate of PVI has led some groups to propose a more extended lesion set on the beating heart, using new technology developed for this purpose. 50 Surgeons should be careful about adopting these experimental procedures. Both acute and chronic studies from our laboratory have shown that recent devices are not capable of creating reliable transmural lesions, particularly on thick atrial tissue when used on the beating heart.
GANGLION ABLATION
Experimentation with less invasive procedures has been based on research on the mechanisms responsible for AF. Electrophysiologic studies have found that local autonomic ganglia (GP) clustered in the epicardial fat pads play a critical role in the initiation and maintenance of AF. [51] [52] [53] These plexi innervate pulmonary vein myocardial sleeves and adjacent atrial muscle. Local cardiac denervation by radiofrequency application to the pulmonary vein-atrial junctions can prevent inducibility of AF. 54 In 2004, Platt et al 54 reported a study of GP ablation at the bases of the pulmonary veins in 26 patients. Although follow-up was short (median 6 months), 84% of patients were free of AF. Similarly, in 2005, Scherlag et al 51 performed left atrial GP ablations coupled with PVI on 33 patients. The AF cure rate was 91%, also based on variable follow-up times ranging from 1 to 12 months (median 5 months). Edgerton et al 45 used bipolar radiofrequency to perform surgical ganglion ablation (coupled with PVI) in 74 patients with lone AF. The complete procedure involved bilateral PVI and targeted partial autonomic denervation of the left atrium with selective left atrial appendectomy. At 6-month follow-up with various methods of AF recurrence detection (electrocardiography, holter, pacemaker interrogation, and event monitor), 84% of patients in the paroxysmal-AF group and 57% in the persistent-AF group were in NSR. Without antiarrhythmic drugs, the NSR rates were 70% and 35% for the two groups, respectively. 45 However, the long-term efficacy of ganglion ablation has been questioned. 55 A canine study using RF ablation reported that AF inducibility was eliminated immediately after GP ablation, but this denervation effect was reversed within 4 weeks after the ablation. 56 Our laboratory has recently confirmed that after surgical ganglion ablation, there is evidence of reinnervation at 4 weeks. 57 More recently, Katritsis et al 58 used left atrial GP ablation to treat 19 patients with symptomatic paroxysmal AF of which 14 (74%) experienced AF recurrence during the 1-year follow-up period. Further studies on the long-term effects of ganglion ablation will be necessary before any conclusions about its efficacy can be made. At present, our group does not perform GP ablation on any surgical patients. In our opinion, its use should be reserved only for centers participating in clinical trials.
CURRENT INDICATIONS FOR SURGICAL TREATMENT OF LONE AF
Based on the HRS/EHRA/ECAS expert consensus statement on catheter and surgical ablation of AF, 13 standalone AF surgery should be considered for symptomatic AF patients who prefer a surgical approach, have failed one or more attempts at catheter ablation, or are not candidates for catheter ablation. The referral of patients for surgery with symptomatic, medically refractory AF in lieu of catheter ablation remains controversial, as there have been no headto-head comparisons of the outcomes of catheter and surgical ablation of AF. Therefore, the decision, in these instances, needs to be based on the experience of each institution with catheter and surgical ablation, the relative outcomes and risks of each in the individual patient, and patient preference. 13 There are certain patients who particularly benefit from a surgical approach. The first group is patients who have developed a contraindication to warfarin. By removing the left atrial appendage and eliminating AF in the great majority of patients, the stroke rate after the Cox-Maze procedure has been remarkably low. 18 At late follow-up, 88% of patients with lone AF treated with a Cox-Maze procedure at our institution have been able to discontinue their anticoagulation. Another group, that often are referred for surgery, are patients with a left atrial thrombus, which is a contraindication to catheter-based ablation. Relative indications for surgery also include large left atria (greater than 5 cm) and the presence of a mitral valve prosthesis.
In the subset of patients undergoing surgical lone AF ablation, the cut-and-sew Cox-Maze III and less invasive Cox-Maze IV procedures have proved to be effective at curing AF and preventing its most dreaded complication, stroke. 3, 17 This procedure has been equally effective for both paroxysmal and persistent AF. Other procedures, such as PVI alone, are still under investigation and so far have shown efficacy only in patients with paroxysmal AF. Success rates in patients with longstanding AF have, to date, been disappointing. However, the movement toward simpler, less invasive procedures capable of retaining the efficacy of the full Cox-Maze procedure will undoubtedly expand the indications for lone AF surgery.
FUTURE DIRECTIONS IN LONE AF SURGERY
Ideally, surgeons would like to develop a simple, minimally invasive operation that will not require cardiopulmonary bypass. The procedure should preserve normal atrial physiology and have minimal to no morbidity and a cure rate more than 90%, making it competitive with catheter ablation. Achieving this goal will require significant progress in three major areas: (1) understanding the mechanism of AF in individual patients, (2) redesigning our surgical approach based on these mechanisms and a better understanding of the effect of surgical ablation on atrial electrophysiology, and (3) a better definition of the effect of surgical ablation technology on atrial hemodynamics and function.
It is now known that there are multiple different possible mechanisms of AF, 43,59 -62 and that this complex arrhythmia can be confidently described only by multipoint mapping. Epicardial activation sequence mapping has been the traditional gold standard for mapping of AF, 16 but it is both invasive (usually requiring a median sternotomy) and time consuming, not allowing for real-time analysis in most instances. A newer noninvasive technique, electrocardiographic imaging (ECGI), 63 to describe the atrial activation sequence and derive mechanistic information from conscious patients before surgery. In this new technique, body surface electrograms are recorded from 250 sites. An inverse solution can be calculated by using anatomic information obtained by a computed tomographic scan made at the time of the recording, and electrograms can be reconstructed on the atrial epicardial surface. This technique has been shown to work well for NSR and atrial flutter. 30 Currently, our group is testing the technique in patients with persistent AF, in collaboration with Dr. Yoram Rudy at Washington University, the developer of ECGI. The initial results are promising. 30, 66 The resulting information can be analyzed to determine the activation sequence and frequency maps for individual patients. A strategy for designing patient-specific optimal lesion sets based on ECGI data is being developed based on their atrial geometry, conduction velocity, and refractory period. 67 Initial lesions will be determined by a calculation of the critical area needed to maintain AF in the individual patient [67] [68] [69] using mechanistic information derived from activation data and anatomic data from the computed tomographic scan. However, it should be emphasized that ECGI has not had extensive clinical verification of its accuracy, and this will require further clinical investigation. When the mechanism cannot be defined, the goal will be to create a lesion pattern that will make the atria unable to fibrillate. In this sense, the Cox maze III and IV procedures have failed to achieve this goal, with the higher failure rates particularly seen in patients with increasing left atrial size 70, 71 or longstanding AF. A recent study performed by our laboratory on a canine model found that the probability of maintaining AF is correlated with increasing atrial tissue areas, widths, and weights, as well as, the length of the effective refractory period and the conduction velocity of the tissue. 67 These data may allow surgeons to design custom operations for each patient based on the mechanism of their arrhythmia and their specific atrial anatomy or electrophysiology.
The recent advances in surgical AF treatment have introduced the question of the consequences of surgical ablation on atrial hemodynamics and function. For years, work from our laboratory and other institutions have shown that the full Cox maze lesion set has had a detrimental effect on right and left atrial function. [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] Currently, our laboratory is using cardiac magnetic resonance imaging to investigate the effects of the Cox-Maze IV procedure on global and regional left atrial function. 30 A comparison of preoperative and 30-day postoperative data from five patients with paroxysmal AF has shown a significant impairment of atrial function and wall motion after surgery, with a decrease in the mean percent contribution of the left atrial booster pump volume and reservoir volume to left ventricular stroke volume, decreases in mean left atrial anterior, posterior, medial, and lateral wall percent shortening, and an increase in the mean percent left atrial conduit volume contribution to left ventricular stroke volume. However, a recent animal study from group has shown that most of these changes come from the pericardiotomy and surgical dissection and are not attributable to the ablation lines themselves. 83 Further studies are needed to distinguish the effects of AF ablation from those of chronic AF and to determine the effect of the ablation lines on atrial function. These studies will guide us toward the development of more physiologic procedures that will have a minimal impact on atrial function.
CONCLUSIONS
The first Maze procedure was performed in 1987, demonstrating the feasibility of a nonpharmacologic cure for AF. A series of improvements culminated in the Cox-Maze III procedure, which remained the gold standard for almost 2 decades. Since then, the development of ablation technologies has dramatically changed the field of AF surgery. The replacement of the surgical incisions with linear lines of ablation has transformed a complex, technically demanding procedure into one accessible to the majority of surgeons. More importantly, these new ablation technologies have introduced the possibility of minimally invasive surgery for AF, prompting numerous efforts to develop simpler procedures that can be performed epicardially, on the beating heart. There is already strong evidence that PVI may be effective in a subset of patients with paroxysmal AF. With extended lesion sets, it may be possible to extend the efficacy of minimally invasive procedures to patients with persistent and longstanding AF. However, surgeons must remember that the Cox-Maze procedure has superb efficacy in these patients and can be performed using a small thoracotomy with excellent success and low morbidity. Surgeons need to be careful in using experimental procedures without careful informed consent. It is also imperative for surgeons trying new procedures to carefully follow their results and to publish them in peer-reviewed journals. For surgeons performing AF ablation, it is mandatory to adhere to the recently published guidelines for follow-up of patients and for determining success or failure following these procedures. As we learn more about the mechanisms of AF and develop improved preoperative diagnostic technologies capable of precisely locating the areas responsible for AF, it will become possible to tailor specific lesion sets and ablation modalities to individual patients, making the surgical treatment of lone AF more effective and available to a larger population of patients.
